7
For yeast two-hybrid system (YTHS) analysis, the mutated TGBp3 gene sequences 135 encoding the 21K 87-89A , 21K 120A , and 21K 87-89A/120A proteins were obtained by PCR from 136 parental plasmids pPMTV3 21K87-89A , pPMTV3 21K120A , and pPMTV3 21K87-89A/120A , respectively, 137 using Dynazyme II DNA polymerase (Finnzymes) according to manufacturer's instructions. The 138 genes for 13K and 21K proteins were amplified by PCR as described above using the wt 139 pPMTV3 plasmid as the template. The obtained PCR products were cloned into pGEM-T 140 analyzed by SDS-PAGE (12.5% w/v acrylamide) and subjected to autoradiography. 167
In another experiment, 500 ng of purified GST-21K was incubated as above in the 168 presence of 1 mM unlabeled ATP. Subsequently, half of the probe was left untreated or treated 169 with λ-protein phosphatase (New England Biolabs, Ipswich, MA, USA) according to the 170 manufacturer's protocols. The samples were subjected to SDS-PAGE (12.5% w/v acrylamide) 171 and western blotting (see below). 172
In a third type of experiment, the Myc-tagged wt 21K protein (21K-myc) and mutants 173
were expressed in leaves of N. benthamiana by agroinfiltration (see below). Agroinfiltrated leaf 174 tissue was sampled 3 days post-infiltration, ground in SDS-PAGE sample buffer at 1:3 ratio 175 (w/v) at room temperature and heated to 95°C for 5 min. Aliquots of 20 µl were analyzed by 176 SDS-PAGE (12.5% w/v acrylamide), after which proteins were transferred onto a polyvinylidene 177 fluoride membrane (Amersham Biosciences). Western blotting was done using a specific anti-178 phosphotyrosine (α-pY) (clone 4G-10 Platinum; Upstate, Millipore, USA) or anti-Myc 179 monoclonal antibody (α-myc) (9E10; Santa Cruz Biotechnology, Santa Cruz, CA, USA), or 180 To test the strength of the interactions, yeast strain Y187 was co-transformed with the 200 above-described constructs, and the pellet X-gal β-galactosidase assay was performed and 201 analyzed as described (42). The intensity of the blue color, caused by cleavage of X-gal by β-202 galactosidase (β-gal) activity, was determined with ImageJ software (43). These intensities were 203 on July 8, 2017 by guest http://jvi.asm.org/ Downloaded from used to calculate β-gal activity relative to the positive control that was arbitrarily set to 100%. 204
Expression of the fusion proteins in yeast was verified by western blot analysis using AD and 205 BD specific MAbs (Clontech) as described (44) . In another experiment, plants were co-inoculated with wt RNA1, RNA2 and wt or mutant 245 GFP-RNA3. Infections were followed daily up to 18 dpi using a hand-held UV light (B-100 AP; 246 UVP, Upland, CA). To study the infection at the single-cell level, plants were inoculated by 247 bombardment with gold particles coated with transcribed RNAs using a HandyGun as described 248 12 Hercules, CA, USA) coated with RNA transcribed from 50 ng pPMTV1, 50 ng pPMTV2, and 250 100 ng of wt or mutant pPMTV3 plasmids. Leaves were analyzed at different time points up to 7 251 dpi. 252
253

Confocal microscopy 254
Leaf tissue from the edges of the bombardment site was fixed to a microscope slide using 255 coverslips and tape, and mounted in water. Pictures were taken with a Leica TCS SP5II HCS A 256 confocal microscope using an HC PL APO 10×/0.4 objective. GFP was visualized using argon 257 laser excitation at 488 nm and an acquisition window of 500-552 nm. LAS AF Lite software 258 package (Leica Microsystems GmbH, Wetzlar, Germany) was used to construct the images from 259 serial optical sections and for image processing. 260
261
RESULTS
263
Detection of TGBp3 in PMTV-infected plant tissues 264
Extracts from N. benthamiana leaves infected with PMTV or agroinfiltrated for 35S promoter-265 driven TGBp3 expression were tested by western blotting using polyclonal antibodies raised to 266 PMTV TGBp3 (21K protein) in this study. The antibodies detected a protein with electrophoretic 267 mobility corresponding to TGBp3 in the agroinfiltrated leaf tissues over-expressing TGBp3 ( 
PMTV TGBp3 is phosphorylated by plant tyrosine kinase activity 282
TGBp3 was expressed in E. coli as an N-terminal GST-fusion protein and purified to near-283 homogeneity by affinity chromatography using glutathione-sepharose ( Fig. 2A) . The purified 284 protein (GST-21K) was assayed for phosphorylation in a reconstituted system in which GST-285 21K was incubated in a kinase buffer with freshly prepared leaf extracts of N. benthamiana in 286 the presence of [γ-
33 P]ATP. Analysis of the reaction by SDS-PAGE and autoradiography 287 revealed a single radiolabeled band corresponding to the expected size of GST-21K (~48 kDa), 288 whereas no such signal was detected in the control reaction to which only GST was added (Fig.  289   2B ). Equal loading of GST-21K and GST in the samples was verified by Coomassie Blue 290 staining (Fig. 2B, lower panel) . The short exposure time resulting in detectable signals for the 291 recombinant GST-21K added to the crude leaf extract was insufficient to reveal signals for 292 endogenous tyrosine phosphorylated host proteins, which were detected by western blot analysis 293 using α-pY ( Fig. 2D and Fig. 3) . 294
on July 8, 2017 by guest http://jvi.asm.org/ Downloaded from 14 Subsequently, purified GST-21K was incubated with leaf extracts, as above, but in the 295 presence of unlabeled ATP. The sample was subsequently divided into two aliquots, of which 296 one was treated with λ protein phosphatase that removes phosphate groups from serine, 297 threonine, and tyrosine residues. Western blot analysis of the proteins using α-pY revealed a 298 band corresponding to GST-21K only in the untreated aliquot of the sample (Fig. 2C) ; no protein 299 band was detected in the aliquot treated with λ-protein phosphatase (Fig. 2C) . Equal loading of 300 GST-21K in the samples was verified by Ponceau S staining (Fig. 2C) . These results from two 301 types of experiments each done three times provided evidence that TGBp3 of PMTV was 302 phosphorylated on tyrosine by plant kinases in vitro. 303
The leaf samples from PMTV 21K-Myc -infected and mock-inoculated plants tested for 304 presence of TGBp3 with α-myc (Fig. 1D ) were also tested with α-pY to examine whether 305 TGBp3 was phosphorylated in vivo. For this purpose all samples were loaded in duplicate for 306 analysis by SDS-PAGE. The membrane was cut to two halves each containing a similar set of 307 samples. Development of one half of the membrane with α-pY (Fig. 2D ) and the other half with 308 α-myc (Fig. 1D ) revealed a protein band at the same position corresponding to 21 kDa. No such 309 protein band was detected in the leaves of non-infected control plants (Figs. 1D, 2D ). This 310 experiment was repeated four times independently with similar results. These data indicated that 311
TGBp3 was phosphorylated on tyrosine by plant kinase activity in the PMTV-infected plants of 312
Furthermore, leaves of N. benthamiana were agroinfiltrated to express Myc-tagged 314 TGBp3 (21K-myc). The extracts from the infiltrated leaf tissues were subjected to western 315 blotting using α-pY. Results revealed a tyrosine-phosphorylated protein with an electrophoretic 316 mobility corresponding to 21K (Fig. 3, lane 6, upper panel) . No such protein band was detected 317
on July 8, 2017 by guest http://jvi.asm.org/ Downloaded from in the mock-infiltrated control leaves (Fig. 3, lane 2, upper panel) . Western blot analysis of the 318 same samples using α-myc confirmed that the protein band detected with α-pY corresponds to 319 TGBp3 (21K) (Fig. 3, lane 6, lower panel) . α-pY detected many unknown tyrosine 320 phosphorylated host proteins (Fig. 3, upper panel) , and also α-myc reacted with some host 321 proteins with a considerably higher molecular weight than 21K-myc (Fig. 3, lower panel) The wt and mutated TGBp3-Myc genes introduced into N. benthamiana leaves by agroinfiltration 334 showed similar levels of protein expression, as detected by western blot analysis with α-myc 3 335 days post-infiltration (Fig. 3, lower panel) . The same samples were subjected to western blot 336 analysis using α-pY (Fig. 3, upper The tyrosine residues at positions 87-89 and 120 were substituted for alanine also in TGBp3 in 346 the full-length cDNA of PMTV RNA3, which gives rise to PMTV infection when the in vitro 347 transcripts are co-inoculated into plants with the RNA1 and RNA2 transcripts produced from 348 their respective plasmids (34) . Plants of N. benthamiana were mechanically co-inoculated with 349 the PMTV RNA1 and RNA2 transcripts and those of either PMTV 21K or the mutated constructs 350 pPMTV21K 87-89A , pPMTV21K 120A , or pPMTV21K 87-89A/120A . In three independent experiments, 351 systemic infection was detected by RT-PCR at 7 dpi in plants inoculated with wt PMTV (Fig.  352   4A ). In contrast, no systemic infection was detected in plants in which the mutant transcripts 353 were used, as tested by RT-PCR (Fig. 4A) and DAS-ELISA (data not shown) at 14 and 18 dpi, 354 respectively. RT-PCR analysis of the inoculated leaves revealed readily detectable amplification 355 products of the expected size in leaves infected with wt PMTV, whereas no products or only 356 very faint bands were detected in the leaves inoculated with the mutant constructs (Fig. 4A, and  357 data not shown). These results indicated that the mutations introduced into the phosphorylation 358 sites in TGBp3 significantly decreased infectivity of PMTV. 359 360
Cell-to-cell movement of PMTV is impaired by mutation of the phosphorylation sites in 361
TGBp3 362 on July 8, 2017 by guest http://jvi.asm.org/
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Cell-to-cell movement was studied by introducing the mutated TGBp3 genes into an engineered 363 cDNA of PMTV RNA3 that expressed GFP as an N-terminal fusion with TGBp1 (Fig. 1A) . 364
Development of virus infection in the inoculated leaves was monitored under a hand-held UV 365 lamp and by confocal microscopy. Lesions consisting of many epidermal cells became visible in 366 leaves inoculated with wt GFP-PMTV at 3 dpi (Fig. 4B) . In leaves inoculated with GFP-367 PMTV21K 87-89A , individual fluorescent epidermal cells were detected, indicating that the mutant 368 virus was infectious but debilitated in cell-to-cell movement (Fig. 4B) . RT-PCR analysis of the 369 leaves and subsequent sequencing of the products confirmed that the virus had retained the 370 introduced mutations. These results indicated that mutation of this site of TGBp3 was 371 detrimental to cell-to-cell movement of PMTV. In contrast, no fluorescence was observed in 372 leaves inoculated with the mutant viruses GFP-PMTV21K 120A or GFP-PMTV21K 87-89A/120A at 373 any time up to 18 dpi. The results obtained by confocal microscopy were consistently observed 374 in a total of 12 leaves inoculated with each virus in three independent experiments. 375
376
Influence of TGBp3 phosphorylation sites on interactions with TGBp2 377
Previous studies with yeast two-hybrid assays have shown that PMTV TGBp3 and TGBp2 378 interact (24, 25), and this interaction is suggested to be needed for viral movement (15). In the 379 present study, the wt and mutated TGBp3 genes of PMTV were transferred into the yeast two-380 hybrid assay vectors for expression as a fusion protein with the activation domain (AD), whereas 381
TGBp2 was cloned in the binding domain (BD) vector. The yeast was co-transformed with the 382 BD-TGBp2-containing plasmid and one of the AD-TGBp3-containing plasmids. After selection 383 on selective medium (Fig. 5A) , co-transformants were transferred to a new selective medium 384 allowing the growth of only those transformants in which the selective marker genes were 385 on July 8, 2017 by guest http://jvi.asm.org/ Downloaded from activated by interaction of the pairs of proteins tested (Fig. 5B ). Interactions were detected 386 between TGBp2 and wt TGBp3 as well as between TGBp2 and the mutated TGBp3 proteins: 387 21K 87-89A , 21K 120A , and 21K 87-89A/120A (Fig. 5B, lanes 1 to 4, respectively) . None of the 388 constructs activated reporter genes autonomously in yeast (Fig. 5B, lanes 5-9) . Expression of the 389 fusion proteins in yeast cells was confirmed by western blot analysis (Fig. 5E) . 390
Quantitative differences in the strength of interactions were studied by co-transforming 391 the plasmids in the aforementioned combinations into another yeast strain that encoded β-392 galactosidase under a strong promoter, facilitating the β-galactosidase measurements using a 393 microplate assay (42). Although interactions between TGBp2 and wt TGBp3 or 21K 120A (Fig. 5 , 394 lanes 1 and 3, respectively) were sufficient for growth of yeast on the selective medium (Fig.  395 5B), the interactions were weak, as estimated by the β-galactosidase assay (Fig. 5C, D) . In 396 contrast, the TGBp3 mutants 21K 87-89A and 21K 87-89A/120A (Fig. 5, lanes 2 and 4, respectively)  397 showed an enhanced interaction with TGBp2, as suggested by a 10-fold higher β-galactosidase 398 activity than observed with the wt TGBp3 (Fig. 5C, D) . 
